Permanent implants made of titanium or its alloys are the gold standard in many orthopedic and traumatological applications due to their good biocompatibility and mechanical properties. However, a second surgical intervention is required for this kind of implants as they have to be removed in the case of children that are still growing or on patient's demand. Therefore, magnesium-based implants are considered for medical applications as they are degraded under physiological conditions. The major challenge is tailoring the degradation in a manner that is suitable for a biological environment and such that stabilization of the bone is provided for a controlled period. In order to understand failure mechanisms of magnesium-based implants in orthopedic applications and, further, to better understand the osseointegration, screw implants in bone are studied under mechanical load by means of a push-out device installed at the imaging beamline P05 of PETRA III at DESY. Conventional absorption contrast microtomography and phasecontrast techniques are applied in order to monitor the bone-to-implant interface under increasing load conditions. In this proof-of-concept study, first results from an in situ push-out experiment are presented.
INTRODUCTION
Since the 1950s, permanent metallic implants made of Titanium (Ti) or its alloys have been widely used in medical applications because of their biocompatibility and mechanical properties 1, 2 . In orthopedic, cranio-facial, dental or trauma surgery they are the de facto gold standard because they integrate well into the bone. However, in pediatric applications where children are still growing, on patient's demand, or in rare cases of allergic reactions to Ti or metallic sensitivity, Ti-based implants need to be removed in a second surgical intervention. This results in an increased of risk of morbidity for the patients and higher healthcare costs. Implants made of biodegradable polymers are associated with unwanted side effects such as bone resorption (osteolysis), an overly long integration time in the bone, and a limited loadbearing capability. Here, Mg and its alloys have gained much interest in medical applications due to their biocompatibility, biodegradability 3 , and mechanical properties. Magnesium-based materials have sufficient initial strength for load-bearing applications and degrade under physiological conditions into products well-tolerated by the body. The Young's modulus of Mg-based implants is very similar to bone which reduces the risk of stress shielding and subsequent bone atrophy. Thus, using biodegradable Mg-based implants, a second surgical intervention to remove the implant after bone healing can be avoided. However, fast or uncontrolled corrosion is associated with strong hydrogen and ion release and severe pH changes which can lead to a loss of mechanical stability and undesirable biological reactions 4 . A major challenge is tailoring the degradation in a manner that ensures good osseointegration which results in the formation of a tight junction between implant and bone. For this, knowledge on the bone-to-implant interface is crucial as it determines the mechanical strength and governs the failure of the bone to implant connection. However, its formation and properties are yet poorly understood as the in vivo degradation behavior is difficult to predict due to the complex interactions involved in the living organism. Thus, to better understand the influence of the degradation on the implant integration and the failure of implants under mechanical load, a full characterization of the bone-to-implant interface is needed (i.e. biomechanically, morphologically, and biochemically). We report on the development of a push-out device to characterize the morphological and biomechanical properties of Mg-based implants under load conditions and report on the first successful in situ measurements.
EXPERIMENTS
In order to investigate the failure mechanisms of Mg-based implants, a load frame was developed which allows the acquisition of a sequence of tomographic data sets under compressive load conditions. Implants used were slotted grub screws made of two different extruded alloys of Mg and Gadolinium (Gd): Mg-5Gd and Mg-10Gd. Screws were 4 mm long, 2 mm in diameter, and had an M2 thread. As reference materials to compare with polyether ether ketone (PEEK) and Titanium were used. The screws were implanted in the femur of Sprague Dawley rats for various healing times (4, 8, and 12 weeks). After the rats were sacrificed, cylindrical or box-shaped explants with a diameter/width of 5 mm were cut from the rat's femur. Tomograms were acquired from three different explants and two contrast modalities were compared. When imaging soft tissues or, more generally, objects with only small variations of their x-ray attenuation, conventional absorption tomography typically lacks contrast. In these cases phase-contrast techniques can be used which are sensitive to phase shifts induced in the transmitted wave front when X-rays propagate through the sample. In the following, we made use of conventional absorption contrast and differential phase contrast employing a grating interferometer.
Tomography setup
Data sets were acquired at the imaging beamline (IBL) P05 which is operated by the Helmholtz-Zentrum Geesthacht (HZG) at the PETRA III storage ring at the Deutsches Elektronen-Synchrotron (DESY) 5, 6, 7 . The X-ray source was an undulator insertion device located 80 m upstream the experimental stage. A double crystal monochromator (DCM) providing a relative bandwidth of ∆E/E ≈ 10 -4 was used. Imaging modalities employed were conventional absorption contrast and differential phase contrast (DPC) using a grating interferometer 8, 9 . In addition, propagation-based phase contrast techniques 10, 11 are available at the microtomography endstation of IBL. All tomograms were acquired at a photon energy of 34 keV and using a step-wise rotation with 1200 projections. Images were acquired using an indirect detector system with a CdWO 4 -scintillator to convert X-rays into visible light which was magnified by microscope optics and detected by two different cameras. For absorption contrast, a CCD camera was used with 3056 x 3056 pixels, a linear pixel size of 12 µm, a dynamic range of 16-bit, and low noise, but with a slow readout. For phase-contrast, a CMOS camera was used with 5120 x 3840 pixels, a linear pixel size of 6.4 µm, a dynamic range of 12-bit, and a fast read out, but with higher noise compared to the CCD camera. The microscope optics was used at fivefold magnification. This resulted in an effective pixel size of 2.43 µm and a horizontal field of view (FOV) of 7.3 mm for the CCD camera and an effective pixel size of 1.28 µm and a horizontal FOV of 6.6 mm for the CMOS camera.
For differential phase-contrast, a grating interferometer 8 with a single phase grating was used. The grating had a periodicity of 4.8 µm and a structure height of 14.0 µm. In order to induce a phase shift of π / 2 at an energy of 34 keV, the distance between phase grating and scintillator was set to 15.5 mm and the grating was tilted towards the beam about 38.6 degrees. To resolve the interference pattern stemming from the phase grating and the sample, a stepping approach with three steps was employed. In combination with the CMOS camera, the effective pixel size is sufficient to render a second analyzer (absorption) grating unnecessary 8 .
Because of the strong coherence of the X-ray beam, absorption-contrast data shows edge-enhancement as a result of the small, but finite propagation distance between sample and scintillator of 60 mm which is due to the extent of the sample environment. This can partially be accounted for by phase retrieval techniques such as the linearized version of the transport of intensity equation which is often referred to as Paganin phase retrieval. Acting as a low-pass filter on the recorded intensity maps, Paganin phase retrieval removes edge-enhancement fringes, suppresses noise, and enhances contrast at the expense of spatial resolution. The flat-and-dark-field corrected projections were typically 2 x 2 binned before tomographic reconstruction. For data processing and reconstruction, IDL and MATLAB routines were used. Tomographic reconstruction of absorption-contrast data was done with the ASTRA toolbox 12, 13 .
Load frame
For mechanical testing, a load frame (see Figure 1 ) was developed for in situ experiments allowing the acquisition of a tomographic data set under static or cyclic load conditions. The load frame was designed to offer a highly flexible and modular system i.e. being deployable for a wide range of stresses, samples, and experimental conditions. The main components are a motorized actuator delivering forces up to 1 kN, various load cells with sensitivities for different force ranges, a signal amplifier for the load cells, and a cylindrical, X-ray transparent chamber acting as a spacer between base plate actuator and ensuring the force closure. The spacer is made of PEEK or, if only low forces are required, acrylic glass. Diameter and wall thickness of the spacer can be adapted to the envisaged forces or imaging modalities. For example, in our experiments, the wall thickness and diameter was chosen to withstand forces of at least 200 N. In general, propagation-based phase contrast benefits from larger diameters in order to reduce phase variations stemming from horizontally varying optical path lengths through the spacer. The signal from the load cell is delivered to a signal amplifier via the slip ring of the tomography stage. The load frame can be operated in tension and compression for pushor pull-out experiments. In push-out experiments, the force is applied by the actuator onto the sample via an appropriately sized pin made of metal or PEEK. For hardness tests an indenter such as a Vickers tip can be mounted. Future add-ons will include the monitoring and the control of the humidity and temperature within the chamber. Control of the actuator, calibration of the load cell, and logging of the force signal is fully integrated in the beamline control software. The load frame and earlier prototypes of it have already been successfully employed in compression experiments on, e.g., bone-implants, mammalian teeth, and ivory (Vickers hardness test). Figure 1 : Left: Schematic drawing of the load frame. Right: Photograph of the load frame installed at the imaging beamline P05 at DESY. The load frame is mounted on top of the rotation axis. In the background, the camera tower is shown which contains a CMOS and a CCD camera. Attached to the front of the tower is the optical microscope with the scintillator where the X-rays are converted to visible light which is subsequently magnified and relayed onto the camera chip. 
Sample mount
In order to stabilize and to align the bone-implant sample such that the force is applied paraxially to the principal axis of the screw implant, customized 3D-printed sample holders were created. To do so, a fast scan of the sample is taken using a laboratory CT-scanner (Nanotom S, General Electric). After tomographic reconstruction, the screw is segmented using a connected threshold grower. The segmented screw is then used to reorientate the volume such that the principal axis of the screw is aligned vertically and centered within the volume. Then, the entire reoriented sample is segmented by simple thresholding. On the basis of this segmentation a cavity within a cylindrical volume is generated such that the sample can be inserted from above. From this cast, a 3D surface (STL) model is created which can be printed using commercially available 3D printers.
Tomography under load conditions
For the herein reported measurements, a sequence of ten tomograms of an explant was acquired under increasing load conditions and using conventional absorption tomography (see Figures 5 and 6 ). The sample used was an explant of a screw made of Mg-10Gd. The screw was implanted in rat femur for 12 weeks. The force applied onto the implant before the tomographic acquisition was successively increased from 0 N to 24 N in steps of 2.5 N, see Figure 2 . After each increase in force, a series of radiographs was taken for about 20 min in order to wait for and to monitor relaxation processes. Then the acquisition of a tomogram was started. The force was monitored for each acquired projection. During tomography, a relaxation of the applied force of 0.5 N up to 4 N occurred, see Figure 2 .
Because of temporary stability issues with the CMOS camera, tomograms using the DPC setup could only be acquired without load. Here we measured two explants which were mounted in the load frame. One implant was made of Mg-5Gd and the other of PEEK, see Figures 3 and 4 , respectively.
RESULTS & DISCUSSION
First we will report on the static measurements comparing differential phase contrast and adsorption contrast Figure 2 : Force measured by the load cell during the sequence of tomography (blue dots) and radiography (red dots) of an explant under compressive load. After each tomogram, the actuator was moved until the applied force was increased by 2.5 N starting from 0 N. After the force was set, 300 radiographs of the sample were taken to account for and monitor relaxation processes in the sample. Then a tomographic scan was acquired using 1200 projections. In total, a number of ten tomograms were taken. During tomography and radiography, a relaxation of the force occurred. This, however, rarely affected the data as only small and localized movement artefacts are present in the tomographic reconstructions. measurements to quantify which contrast mechanism is better suited for this kind of samples. In differential-phasecontrast mode employing a single grating, tomography of two explants mounted in the load frame was performed: one screw made of Mg-5Gd and implanted for 12 weeks before being harvested and one screw made of PEEK where the rat died after implantation. The tomographic reconstructions exhibit a good density contrast. Moreover, fringes due to edgeenhancement are absent in contrast to the tomograms acquired with conventional absorption contrast, compare Figures 3  and 4 with Figures 5 and 6 . In the latter case, the small but finite distance between sample and scintillator, which is due to the chamber wall, was sufficient to give rise to fringes in the tomographic reconstructions, e.g., consider the boundary of the bone in Figures 5 and 6 . Figure 4 : Differential phase contrast tomography of a PEEK screw implanted in a rat femur. The image shows a horizontal slice through the tomographic reconstruction of an explant mounted in the load frame at 0 N. The rat died shortly after implantation and no bone growth took place. The depicted slice was 2 x 2 binned after reconstruction and has a shape of 782 x 570 pixels and a linear pixel size of 5.12 µm after binning. Figure 3 : Differential phase contrast tomography of an Mg-5Gd screw implanted in a rat femur after 12 weeks of healing. The image shows a horizontal slice through the tomographic reconstruction of an explant mounted in the load frame at 0 N. The depicted slice was 2 x 2 binned after reconstruction and has a shape of 1024 x 812 pixels and a linear pixel size of 5.12 µm after binning. In the following we will report on the first push-out test of an explant. Using conventional absorption tomography, a sequence of ten tomograms under increasing compressive load conditions was acquired. Between scans the force maximum applied onto the screw was increased from 0 N up to 24 N in steps of 2.5 N. The screw was made of Mg-10Gd and was implanted in a rat femur for 12 weeks before being harvested. The relaxation of the applied force as described in section 2.4 rarely affected the tomographic reconstruction as artefacts related to sample movement are locally restricted Figure 5 . The top image in Figure 5 was acquired without load while the bottom image was acquired after a maximum force of 24 N was applied. The bottom image in Figure 5 and the image sequences in Figure 6 clearly show breakage throughout the sample which was induced by the applied load. The initial fragmentation of the implant material in the areas where corrosion took place, as can be seen in Figures 3 and 5 , is not due to load. This is a normal consequence of corrosion and can also be observed in corroded areas of screws that are not implanted but which have been immersed in a cell culture medium for one week or longer. However, cracks in these fragmented areas increase under increasing load. Note that the interface between implant material and bone does not exhibit a well-defined boundary surface as there is always a corrosion layer in between. Moreover, the corrosion layer is not homogeneous and the composition of which can influenced by the bone. Considering the image sequence of the magnified regions in Figure 6 , lines/planes of breakage and the propagation of which do not occur directly at the bone-to-implant interface indicating a strong connection and integration of the implant. These preliminary findings support the choice of Mg-based alloys as candidates for implant material.
Either of the employed contrast modalities allows distinguishing the remaining core material of the magnesium-based screws, different layers of corrosion, cortical bone with osteocytes and Haversian canals within, and bone marrow.
CONLUSION
A load frame for in-situ tomography experiments under load conditions was developed at the imaging beamline P05 at PETRA III at DESY. In a first push-out experiment, a series of tomograms of a bone-implant sample under increasing load conditions was acquired. The reconstructed volumes demonstrate a good image quality and a high spatial resolution that allows to resolve and to distinguish cortical and trabecular bone, osteocytes lacunae, Haversian canals, and bone marrow. Comparing the employed contrast modalities at the given spatial resolution, differential phase contrast is superior to absorption contrast in the sense that the contrast in the tomographic reconstruction is improved and fringes due to edge enhancement are absent. The analyzed load sequence showed that the bone-to-implant interface remained intact under compressive forces of up to about 18 N. When failure took place within the sample, sites of fracture occurred throughout the sample. However, breakage does not seem to predominantly originate from or propagate along Figure 6 : Sequences of vertical slices through the tomographic reconstructions of an explant under increasing compressive load. The explant is a Mg-10Gd screw in a rat femur 12 weeks after implantation. The depicted images are magnified details of the regions indicated in Figure 5 . The top row depicts a region of cortical bone as indicated by the top right rectangle in Figure 5 . The bottom row depicts a region of the bone-to-implant interface as indicated by the bottom left rectangle in Figure 5 . Before the acquisition of the tomograms the force was set to 15 N, 18 N, 21 N, and 24 N, respectively. Each region of interest has a shape of 148 x 140 pixels with a linear pixel size of 4.8 µm.
the corroded areas at the bone-to-implant interface. Cracks of the fragmented areas of the corroded screw, which are already present prior to load, increase under load. But this does not seem to impair the stability of the implant as in these regions lines/planes of breakage which are due to load are not more frequent than in other regions. Moreover, the analyzed Mg-based implants exhibit a tight integration into the bone. The data acquired in this first proof-of-concept experiment suggests that screws made of Mg-10Gd are candidates well suited for bone implants. In follow-up experiments a statistically significant number of implants will be considered which will give evidence on the performance of the employed implant material i.e. on integration and stability with respect to the employed material, healing times, and load conditions.
